pathotype strains, were compared to those of tomato pathotype strains collected worldwide. This revealed that the sequences of both CDC genes were identical among five A. alternata tomato pathotype strains having different geographical origins. On the other hand, the sequences of other genes located on chromosomes other than the CDC are not identical in each strain, indicating that the origin of the CDC might be different from that of other chromosomes in the tomato pathotype. Telomere fingerprinting and restriction fragment length polymorphism analyses of the A. alternata strains also indicated that the CDCs in the tomato pathotype strains were identical, although the genetic backgrounds of the strains differed. A hybrid strain between two different pathotypes was shown to harbor the CDCs derived from both parental strains with an expanded range of pathogenicity, indicating that CDCs can be transmitted from one strain to another and stably maintained in the new genome. We propose a hypothesis whereby the ability to produce AAL toxin and to infect a plant could potentially be distributed among A. alternata strains by horizontal transfer of an entire pathogenicity chromosome. This could provide a possible mechanism by which new pathogens arise in nature.
Fungi produce a huge variety of secondary metabolites. Some plant-pathogenic fungi, especially necrotrophic pathogens that kill plant cells during invasion, produce phytotoxic metabolites to impair host tissue functions (20, 30, 42, 47) . Phytotoxins produced by fungal plant pathogens are generally low-molecular-weight secondary metabolites that exert toxic effects on host plants. Among these phytotoxins, host-specific toxins (HSTs) are critical determinants of pathogenicity or virulence in several plant-pathogen interactions (13, 30, 33, 40, 42, 47, 49) .
Recent advances in molecular biological techniques for fungi have led to the identification of fungal genes involved in pathogenesis, as exemplified by those used in the biosynthesis of toxic secondary metabolites, such as HSTs. Genes involved in the biosynthesis of secondary metabolites are typically clustered in filamentous fungi, including plant pathogens (20, 24, 44) . The origins and evolutionary processes of these gene clusters, however, are largely unknown. Analysis of the arrangement and sequences of genes in the clusters would shed light on how the clusters themselves and their ability to produce toxic secondary metabolites evolved (20, 24, 44) .
The involvement of horizontal gene transfer (HGT) in the evolution of fungal secondary-metabolite gene clusters has been discussed (34, 44) . HGT events are well known in prokaryotes (21, 29) , and the genomic regions that have undergone HGT are referred to as pathogenicity or genomic islands (7) . In prokaryotes, the mechanisms of HGT are also associated with conjugation, transformation, and transduction (21, 29) . Although these transfer mechanisms are generally unknown in eukaryotes such as fungi, interspecific transfer of a virulence gene encoding the production of a critical toxin has been reported in Pyrenophora tritici-repentis (14) . There is also clear evidence of recent lateral gene transfer of the ToxA gene from Stagonospora nodorum to P. tritici-repentis (14, 30) . In Alternaria alternata plant pathogens (37), we have shown that all strains of the A. alternata pathotypes harbor small extra chromosomes of less than 1.7 Mb, whereas nonpathogenic isolates do not have these small chromosomes (5) . A cyclic peptide synthetase gene, AMT, which is involved in host-specific AM toxin biosynthesis of the apple pathotype of A. alternata, was located on a small chromosome of 1.1 to 1.7 Mb, depending on the strain (22, 23) . The AF toxin biosynthesis gene cluster was also present on a single small chromosome of 1.05 Mb in the strawberry pathotype of A. alternata (18) . Based on biological and pathological observations, those small chromosomes were regarded as supernumerary chromosomes, or conditionally dispensable chromosomes (CDCs) (10, 18, 22) . Fungal supernumerary chromosomes, which are not important for normal growth but confer advantages for colonizing an ecological niche, such as infecting host plants, are regarded as CDCs (21) . The functions and pathological roles of CDCs have been studied in the pea pathogen Nectria haematococca (11, 17, 25, 32, 43, 46) .
The origin and evolution of CDCs have been intriguing issues in the study of plant-microbe interactions. The supernumerary chromosomes of certain strains of N. haematococca have been suggested to have a different evolutionary history than essential chromosomes (ECs) in the same genome, and they might have been introduced into the genome by horizontal transfer from another strain (10, 12, 36) . In Colletotrichum gloeosporioides, the 2-Mb supernumerary chromosome was transferred from a biotype A strain to a vegetative incompatible biotype B strain (19, 31) . Transfer of the chromosome, however, did not affect the pathogenicity of the recipient fungus, perhaps because it did not harbor pathogenicity genes (19, 31) . These results suggest that supernumerary chromosomes of fungi might have the capacity for horizontal transfer across an incompatibility barrier between two distinct strains. AAL toxins are HSTs produced by the tomato pathotype of A. alternata (synonym A. alternata f. sp. lycopersici, synonym Alternaria arborescens), the causal agent of Alternaria stem canker disease in tomatoes, which causes severe necrosis of susceptible tomato cultivars (15, 26, 35) . AAL toxins and fumonisins of the maize pathogen Gibberella moniliformis are structurally related to sphinganine and termed sphinganine-analogue mycotoxins. AAL toxins and fumonisins are sphinganine-analogue mycotoxins, which are toxic to some plant species and mammalian cells (16, 48) . They cause apoptosis in susceptible tomato cells and mammalian cells by inhibiting ceramide biosynthesis (9, 41, 45) . In the tomato pathotype of A. alternata-tomato interactions, a major factor in pathogenicity is the production of host-specific AAL toxins capable of inducing cell death only in susceptible cultivars (3, 9, 48) .
In this study, we describe evidence showing that the ability to produce the host-specific AAL toxin and to infect host tomato plants could potentially be distributed among a population of strains of the A. alternata tomato pathotype by horizontal transfer of an entire pathogenicity chromosome of the pathogen.
MATERIALS AND METHODS
Fungal strains. The isolates used in this study are described in Table 1 . All isolates were maintained on potato dextrose agar (Difco, Detroit, MI) slants or as 20% glycerol mycelial fragments at Ϫ80°C.
Preparation of fungal chromosomes and PFGE. Chromosomal DNA was prepared as described by Akamatsu et al. (5) . Contour-clamped homogeneous electric field (CHEF) pulsed-field gel electrophoresis (PFGE) was used to separate intact chromosomes with a CHEF DR-III apparatus (Bio-Rad). The running conditions are described in the relevant figure legends and Table S1 in the supplemental material.
Chromosomal probes. Chromosomal DNA of As-27 prepared as described above was separated by CHEF gel electrophoresis as follows. A 0.8% agarose gel was run at 6 V/cm with a switching interval of 120 to 180 s for 20 h. After ethidium bromide staining, the 1.0-Mb chromosome was excised from the gel and purified from the agarose using a GeneClean II Kit (Bio 101). Labeling was performed with a digoxigenin random-primed labeling reaction (Roche Diagnostics) to obtain a chromosome-specific probe.
DNA manipulation. All PCR primers used in this study are shown in Table S2 in the supplemental material. The nucleotide sequences of representative clones were determined using a DNA-sequencing kit (Applied Biosystems) and an automated sequencing system (ABI Prism 310; Applied Biosystems). DNA was sequenced in both directions, and sequence construction was performed with Genetyx-Mac (Genetyx Corporation, Tokyo, Japan). Alignment phylogenetic analyses of nucleotide sequences were conducted using Genetyx-Mac. For DNAfingerprinting analysis, probes were prepared from repetitive sequences (AAR1, AAR9, AAR27, and pAR274) derived from an A. alternata Japanese pear pathotype (T. Tsuge, personal communication), rDNA of A. alternata (Alt1), and a telomere sequence (TTAGGG) n . To digest chromosomal DNA with the rarecutting enzyme NotI, agarose blocks containing chromosomal DNA were rinsed 10 times in wash buffer (20 mM Tris-HCl, 50 mM EDTA, pH 8.0), transferred to a new tube containing 1 ml of wash buffer, and incubated on ice for 30 min. The blocks were then incubated in NotI digestion buffer for 1 h at room temperature, followed by digestion of the chromosomal DNA with NotI overnight at 37°C.
Protoplast fusion. Protoplasts of the geneticin-resistant tomato pathotype (27G-1) and the hygromycin B-resistant strawberry pathotype (TP1) of A. alternata were fused by electrofusion as described previously (2, 38, 39) .
Nucleotide sequence accession numbers. The nucleotide sequences used for phylogenetic analysis in this study have been deposited at DDBJ/EMBL/ GenBank under accession numbers AB465630 to AB465687 and AB468132 to AB468151.
RESULTS AND DISCUSSION
A CDC in the tomato pathotype strains. The chromosomal location of the polyketide synthetase (PKS) gene ALT1, which is involved in AAL toxin biosynthesis, virulence, and pathogenicity of the tomato pathotype (4, 48) , was examined by PFGE for five tomato pathotype isolates (AAL toxin producers) and eight other strains of A. alternata (non-AAL toxin producers) collected from distant geographic areas (Japan, the United States, The Netherlands, Greece, etc. [ Table 1 ]). The non-AAL toxin producers included nonpathogenic A. alternata and several pathotypes of A. alternata, such as the Japanese pear apple and the tomato pathotypes, producing AK, AM, and AAL toxins, respectively (26) . A. alternata has about 10 chromosomes and a total genome size of approximately 30 Mb (5). All isolates of the tomato pathotype had a 1.0-Mb chromosome, and the ALT1 gene was located on the 1.0-Mb chromosome specifically detected in the tomato pathotype ( Fig. 1a and  b) . The DNA of the 1.0-Mb chromosome present in the tomato pathotype As-27 was recovered and used as a probe (CDC probe) for hybridization to the gel blot. The CDC probe hybridized strongly to 1.0-Mb chromosomes of all tomato pathotype isolates, but not to ECs of the tomato pathotype ( Fig. 1c  and d) . The weak signal obtained for ECs in almost all isolates was probably due to hybridization of the probe to rDNA, given that rDNA is a highly multicopy gene and it is difficult to remove the trace amounts of contaminating rDNA from the probe DNA. The chromosomes demonstrating weak signal corresponded to those harboring rDNA sequences (5) . The nature of the 1.0-Mb chromosome is in agreement with the criteria determined for supernumerary chromosomes (10) .
Transformation of the tomato pathotype of A. alternata As-27 by restriction enzyme-mediated integration generated mutants defective in AAL toxin production and pathogenicity (3) . PFGE analysis of one of the mutants, 9-1, which showed the toxin-and pathogenicity-minus phenotype, revealed loss of the entire 1.0-Mb chromosome (Fig. 2) . The colony growth and morphology of 9-1 and wild-type As-27 were compared and found to be indistinguishable (data not shown). Because this supernumerary chromosome could be entirely lost without affecting growth, we propose that it is a CDC. The CDCs in tomato pathotype strains from different geographical origins were identical, although the genetic backgrounds of the strains differed. The nature of the CDC in the tomato pathotype strains collected worldwide was examined. As indicated in Fig. 1 , all five of the tomato pathotype strains isolated in the United Sates, Europe, and Japan had the 1.0-Mb CDC including the ALT1 gene, whereas the banding pattern of the middle-to large-size ECs was different. With regard to the origin of the CDC of the tomato pathotype, we postulated either that those geographically diverse isolates of the tomato pathotype of A. alternata have common origins or that the isolates have different genetic backgrounds but harbor identical CDCs. To test these hypotheses, phylogenetic analysis of the genes on the CDC and the ECs was conducted for several strains. Two genes on the CDC, the Tox gene ALT1 and the MSAS-type PKS gene (8, 27 ) (another PKS gene located on the CDC not related to toxin production), were used as representative CDC genes. In addition, seven genes on the different ECs, including ␤-tubulin (AaTUB), a melanin biosynthesis PKS gene (ALM), mating-type genes (MAT1-1-1 and MAT1-2-1) (6), PKS genes with unknown functions (AKS17, AKS21, and VKS2), and rDNA internal transcribed spacers 1 and 2 (ITS1 and ITS2) (28) (Fig. 3) , were sequenced for phylogenetic analysis.
The sequences of both CDC genes were identical among five A. alternata tomato pathotype strains having different geographical origins. With regard to the ALT1 gene fragment, a sequenced 689-bp fragment including about 80 bp of intron was identical among all five strains. On the other hand, the EC genes, excluding ITS1, demonstrated polymorphisms among (Table 2) . Among those genes, we found that the mating-type gene MAT1-1-1 showed high variation among A. alternata strains. The highly resolved phylogeny of the MAT gene is shown in Fig. 4 . The tomato pathotype strains did not fall into a distinct group. Moreover, the VU2001 strain had another mating-type ideomorph, MAT 1-2-1, that differed almost completely from the MAT1-1-1 gene. Other genes on the ECs showed the same results, indicating that these tomato isolates are independent strains with different genetic backgrounds and origins.
Telomere-fingerprinting analysis of A. alternata strains, including five tomato pathotype strains, revealed that the tomato pathotype strains had different genetic backgrounds, except for two Japanese strains (AL4 and O-227) (Fig. 5) . The two Japanese strains seemed to be identical, indicating the common origin of these strains. DNA fingerprinting with repetitive sequences of A. alternata, Alt1, AAR1, AAR9, AAR27, and pAR274 (T. Tsuge, personal communication) also demonstrated the diverse genetic backgrounds of the tomato pathotype strains.
Restriction fragment length polymorphism (RFLP) analysis using the rare-cutting enzyme NotI also indicated polymorphisms in the tomato pathotype strains (Fig. 6 ). On the other hand, a Southern blot of the RFLP gel probed with the CDC ALT1 gene revealed the same band (130 kb) in all tomato strains, indicating that at least a 130-kb region in the CDC of the tomato pathotype might be identical in all strains (Fig. 6b) . The CDC probe prepared from the As-27 strain also resulted in identical banding patterns in all of the tomato pathotype strains, whereas a repetitive DNA probe, pAR274, showed polymorphisms ( Fig. 6c and d) , indicating the common structure of the CDC in these tomato pathotype strains. In summary, the CDCs in tomato pathotype strains from different geographical origins were identical, although the genetic backgrounds of the strains differed. When these results are taken into account, the CDC appears to have an evolutionary history different from those of other ECs in the same genome, and horizontal transfer might be involved in the distribution of the CDC among tomato pathotype strains.
The CDC derived from the tomato pathotype strain could be maintained stably in a new genetic background with an expanded range of pathogenicity. If this is the case, what are the mechanisms involved in CDC HGT? In Colletotricam, there is experimental evidence that a supernumerary chromosome can be transferred by coculturing two different strains (19, 31) . In our work, although it is an artificial condition, a new pathogen with extended pathogenicity could be generated through protoplast fusion (2, 38, 39) . A fusant (EST6) between the tomato (27G-1) and strawberry (TP1) pathotypes produced both AAL and AF toxins and was pathogenic to tomato and strawberry host plants (Fig. 7) . By PFGE analysis, the parental tomato and strawberry strains were shown to harbor a 1.0-and a 1.05-Mb CDC, respectively. The hybrid strain, EST6, had CDCs derived from both parental strains (Fig. 8) . Sequence analysis of the marker genes ALM, AKS17, VKS2, and MAT1-1-1 indicated that the genetic background of the fusant was the strawberry pathotype, in addition to the 1.0-Mb tomato CDC.
The hybrid strain showed a stable phenotype after being subcultured on nonselective medium. Therefore, the CDC could be transmitted from one strain to another and was stably maintained in the new genome. In naturally occurring lesions on host plants in fields, coinfection is very common during infection with A. alternata pathogens (i.e., about 20% of single lesions contain two or more different strains, pathogens and nonpathogens) (1). Thus, coinfected lesions could be important for genetic interaction between different strains, because coinfected lesions enable different isolates to coexist and interact in a very small space.
A hypothesis whereby the ability to produce AAL toxin determining specific pathogenicity of the pathogen could be potentially distributed among A. alternata strains by horizontal transfer of an entire pathogenicity chromosome. Based on these results, we propose the horizontal chromosome transfer hypothesis to explain the evolution and differentiation of HST- (iii) The CDC could be transferred between two different A. alternata strains and stably maintained in a recipient strain having a different genetic background. The advantage and driving force of retaining genes for toxin biosynthesis, pathogenicity, and virulence on the CDC are not clear; however, this phenomenon might be related to unique features of A. alternata pathogens. First, A. alternata is basically an asexual (mitosporic) species that lacks sexual reproduction; hence, highly variable karyotypes are stably maintained. Extra chromosomes (CDCs) can survive through parasexual recombination because no homologous pair chromosomes exist. Second, the saprophytic life cycle dominates over the parasitic life cycle (26, 37) , and the pathogenicity chromosome (CDC) is costly in the absence of host plants. Finally, during the parasitic stage, a nonpathogenic strain could acquire parasitic capacity by gaining a CDC with toxin-biosynthetic and pathogenicity genes via horizontal transfer. In the saprophytic stage, on the other hand, the strain could become competitive by losing nonessential genes through loss of the CDC, along with the toxin genes.
The CDC in the tomato pathotype of A. alternata is regarded as a "pathogenicity chromosome." The horizontal chromosome transfer hypothesis, in which the ability to produce a pathogenicity or virulence effector (HST) is potentially distributed among A. alternata strains by horizontal transfer of the CDC, could provide a possible mechanism whereby new pathogens arise in nature. To test this hypothesis, a sequencing project of the entire CDC in the A. alternata tomato pathotype is currently in progress in our laboratory.
